Serrat MA, Williams RM, Farnum CE. Temperature alters solute transport in growth plate cartilage measured by in vivo multiphoton microscopy. J Appl Physiol 106: 2016 -2025. First published April 16, 2009 doi:10.1152/japplphysiol.00295.2009.-Solute delivery to avascular cartilaginous plates is critical to bone elongation, and impaired transport of nutrients and growth factors in cartilage matrix could underlie many skeletal abnormalities. Advances in imaging technology have revolutionized our ability to visualize growth plates in vivo, but quantitative methods are still needed. We developed analytical standards for measuring solute delivery, defined by amount and rate of intravenous tracer entry, in murine growth plates using multiphoton microscopy. We employed an acute temperature model because of its well-established impact on bone circulation and tested the hypothesis that solute delivery changes positively with limb temperature when body core and respiration are held constant (36°C, 120 breaths/min). Tibial growth plates were surgically exposed in anesthetized 5-wk-old mice, and their hindlimbs were immersed in warm (36°C) or cool (23°C) saline (n ϭ 6/group). After 30 min of thermal equilibration, we administered an intracardiac injection of fluorescein (50 l, 0.5%) and captured sequentially timed growth plate images spanning 10 min at standardized depth. Absolute growth plate fluorescence was normalized to vascular concentrations for interanimal comparisons. As predicted, more fluorescein infiltrated growth plates at 36°C, with standardized values nearly double those at 23°C. Changing initial limb temperature did not alter baseline values, suggesting a sustained response period. These data validate the sensitivity of our system and have relevance to strategies for enhancing localized delivery of therapeutic agents to growth plates of children. Applications of this technique include assessment of solute transport in models of growth plate dysfunction, particularly chondrodysplasias with matrix irregularities. bone elongation; chondrocyte; extracellular matrix; nutrient supply; blood flow BONE ELONGATION OCCURS through the process of endochondral ossification in cartilaginous growth plates located at the ends of immature long bones ( Fig. 1) (7, 21) . Like articular cartilage, growth plates lack a direct blood supply and thereby receive essential nutrients and growth factors via transport of solutes from the surrounding vasculature (9, 11). The structure and composition of collagen and other extracellular matrix proteins are thought to be important for allowing molecules such as hormones, oxygen, nutrients, wastes, and paracrine signaling factors, to move through cartilage and regulate its metabolism (5, 42, 54, 55, 58, 59, 67) . Components of extracellular matrix can be altered by disuse or pathology (15, 35), as well as by environmental influences such as high or low temperature (33, 52, 58) . The delivery and movement of systemic and paracrine regulators to and within growth plates are necessary for bone elongation (60), so changes in the matrix that affect its transport capabilities may also impact skeletal growth.
BONE ELONGATION OCCURS through the process of endochondral ossification in cartilaginous growth plates located at the ends of immature long bones ( Fig. 1) (7, 21) . Like articular cartilage, growth plates lack a direct blood supply and thereby receive essential nutrients and growth factors via transport of solutes from the surrounding vasculature (9, 11) . The structure and composition of collagen and other extracellular matrix proteins are thought to be important for allowing molecules such as hormones, oxygen, nutrients, wastes, and paracrine signaling factors, to move through cartilage and regulate its metabolism (5, 42, 54, 55, 58, 59, 67) . Components of extracellular matrix can be altered by disuse or pathology (15, 35) , as well as by environmental influences such as high or low temperature (33, 52, 58) . The delivery and movement of systemic and paracrine regulators to and within growth plates are necessary for bone elongation (60) , so changes in the matrix that affect its transport capabilities may also impact skeletal growth.
Significant changes in total vascular supply to limb bones have been demonstrated in a variety of natural and experimental conditions (10, 19, 20, 24, 29, 39, 45, 51, 52, 56, 57) , but it is unclear how these changes translate to growth plates. Solute transport in articular cartilage has been well studied because of its key role in normal joint function and the debilitating and costly impact of its damage, particularly in the aged population (5, 35, 42, 54, 55, 58, 59, 67) . However, despite the widespread prevalence of chondrodysplasias and other skeletal disorders involving the growth plate in children (1, 3) , comparably few studies have focused on dynamic molecular transport in growth plate cartilage, and even fewer have examined these processes in a living organism (22, 62) . Due primarily to the inherent challenges of imaging connective tissue in real time (17, 63) , there is a major gap in our understanding of the role of solute transport in normal and abnormal growth plate physiology.
Most current approaches to bone and cartilage imaging are limited to macroscopic studies that lack cellular resolution in vivo (12, 20, 65) or postmortem analyses that lack the dynamic physiology of an intact system (16, 27, 36) , particularly an intact circulatory system. Only recently have techniques been developed that enable visualization of growth plate dynamics at detailed cellular resolution in vivo using imaging capabilities of two-photon microscopy (22, 62) ; however, quantitative standards are still needed. The mouse is the most widely studied laboratory animal (34) for which dozens of existing research models are well characterized to mimic bone and cartilage disease states in humans (26) , including those with disrupted blood flow (19) and extracellular matrix integrity (27, 43, 49, 66) . For progress to be made in understanding the nature of the disorders in these valuable model systems and in developing effective strategies for their treatment, there is a paramount need for methodologies to quantitatively assess solute transport in growth cartilage.
Building on prior work in our laboratory (22, 62) , we developed analytical standards for measuring solute delivery, defined by amount and entry rate of intravenous tracers, in murine growth plates using multiphoton microscopy. We employed an acute temperature model because of the well-established impact of temperature on bone circulation and tested the hypothesis that solute delivery changes positively with limb temperature when body core is held constant. We present biological data that validate the sensitivity of our system and demonstrate practical relevance to understanding and enhancing delivery of therapeutic agents to growth plates of children. This technique provides a means for elucidating the role of solute transport in normal and aberrant bone growth processes. The methodology can be applied broadly to other intact connective tissues such as articular cartilage or intervertebral disk.
There are three vascular routes by which blood reaches the growth plate ( Fig. 1 ): epiphyseal vessels, metaphyseal vessels, and a ring vessel and subperichondrial plexus around the periphery (11) . The epiphyseal and metaphyseal vessels have a deep origin within the bone, whereas the ring plexus is located just slightly deep in the surrounding perichondrium. Blood flow through these vessels can be significantly altered by local heat or cold treatment by means of sympathetically activated vasodilation or vasoconstriction (11) . Such a model of acute temperature exposure is well established for its effects on local bone circulation. Feucht et al. (24) were among the earliest to quantitatively demonstrate effects of warm temperature on increasing blood flow to the hindlimbs of dogs. Schoutens et al. (51) later found that warming (ϳ40°C) or cooling (ϳ23°C) the hindlimbs of rats resulted in bone blood flow rates that were 188 and 34%, respectively, of those measured under normal physiological conditions. With a similar model, Genant et al. (29) showed a positive correlation between temperature and the uptake of radiolabeled bone tracers, with significantly more tracer localizing at the growth plate of the warmed limb.
Following these methods, we employed a model of hindlimb immersion in mice to study the effects of local heating (36°C) and cooling (23°C) on solute transport in growth plate cartilage using in vivo multiphoton microscopy. To determine whether a differential response to temperature occurred in the same mouse over time, we administered single and repeated bolus injections of fluorescein at different temperatures and examined tracer accumulation in the growth plate. We chose fluorescein because small size (332.3 Da), low toxicity, and neutral charge (2) render it a good general model for passively transported agents in the bloodstream. We have shown previously that fluorescein uniformly enters the growth plate with relative ease (22, 62) . We focused on the deeper vessels of the epiphysis and metaphysis, which we thought might be less reactive to acute temperature stimuli compared with the less deep plexus (48) . Our goal was to develop a system with a wide detection range that could be applied to natural and experimental models of chronic growth plate dysfunction where changes in solute delivery might be subtle, although biologically meaningful. We observed qualitative changes in size of the subperichondrial plexus vessels in response to acute temperature change (Fig. 2) , so we chose to focus imaging in a deeper plane where vessels might not exhibit the same degree of vasoactivity.
MATERIALS AND METHODS

Animals and preparation.
Steps for image acquisition and analysis are illustrated in a workflow diagram (Fig. 3) . All procedures were approved by the Institutional Animal Care and Use Committee at Cornell University (protocol 2007-0179). Mice (n ϭ 12) were bred from a line carrying the green fluorescent protein (GFP) reporter controlled by the type II collagen (Col2) promoter/enhancer that serves as a fluorescent marker for chondrocytes (30) . We used a mixed sex sample of positive and negative mice, identified by ear punch fluorescence as previously described (22) . Although Col2-GFP expression is useful for visualizing detailed morphology of growth plate chondrocytes, this feature was not relevant to the experiments here, and sex was not considered a critical variable in our model system. However, both sex and genotype were documented to assess their potential variation. All mice were between 4 and 5 wk old, with a modal age of 30 days and a mass of 15 g.
The morning of imaging, mice were weighed and injected with oxytetracycline (OTC; Pfizer LA-200; 0.05 mg/g ip) to facilitate growth plate localization. OTC binds calcium at the mineralizing chondro-osseous junction (32) and enables growth plate identification under multiphoton excitation. OTC injections were administered a Fig. 2 . Multiphoton images of vessels in the subperichondrial plexus from the same mouse with its limb bathed in cool (23°C) and then changed to warm (37°C) lactated Ringer saline. The growth plate is oriented as in Fig. 1 . Images were captured 30 min apart at the same growth plate depth and location, verified in a series of optical sections imaged superficial to deep. Vessels were visualized at 780-nm illumination after an intravenous injection of fluorescein (FL) so that the plasma is fluorescent (white) and blood cells appear as dark shadows within the vessels. Vessels were enlarged after the switch to the warmer temperature (arrows). Mice were anesthetized in an induction chamber of 3.5% isoflurane with 1 l/min oxygen flow. After 1-2 min, when fully induced, the animal was moved to a two-chamber stage (22) and maintained under 1.5% isoflurane anesthesia delivered through a nose cone for surgery and imaging. The mouse was positioned in dorsal recumbency on one side of the stage atop a heating pad with a rectal feedback probe set to maintain core temperature at 36.5°C (FHC model 40-90-8C A720D DC temperature control module set to 6, model 40-90-2 heating pad, and model 40-90-5B rectal thermistor probe), while its left limb was extended into a separate chamber for perfusion with lactated Ringer (LR) solution (Baxter, product code 2B2324X) for acute temperature exposure and water-immersion imaging. The limb was stabilized by placing a pin through the toe webbing, and skin was moistened with 75% ethanol to clean the area and moisten the fur. A longitudinal skin incision was made proximally from the crus to the inguinal canal using fine dissection shears, and skin was loosely tacked back with pins.
Surgical exposure of the growth plate was performed under an Olympus fluorescent dissection microscope (SZX12; ϫ0.5 objective) as previously described (22) by incising the superficial fascia of the biceps femoris and gastrocnemius muscles between the medial collateral ligament and saphenous vessels with a no. 11 scalpel (Fig. 4A ). This minor incision exposed the medial aspect of the proximal tibial growth plate just caudal to the medial collateral ligament, leaving the perichondrium, its vascular network, and joint capsule intact (Fig.  4B ). When this procedure was performed carefully, minimal bleeding occurred. The limb was kept moist with saline throughout the procedure. OTC labeling was verified under UV excitation (Fig. 4C ). After the hindlimb was prepared, a mediolateral skin incision was made between the forelimbs to expose the rib cage for intracardiac injection of fluorescein, which was later performed at the level of the left fourth intercostal space. All surgical procedures were completed within 20 min, and the stage was then moved to the multiphoton microscope where the growth plate was first oriented using an Olympus ϫ4/0.28 NA objective under bright-field illumination.
Once positioned under the microscope, the extended hindlimb was immersed in warm or cool LR using a perfusion pump (Master-Flex; Cole-Parmer model 7553-60 with 7021-24 pump head at inflow/ outflow setting 3) with a flow rate of ϳ5.8 ml/min. The limb was warmed to 36°C using an in-line heater coupled to the perfusion system (Warner Instruments TC344A dual heater controller) with ϳ15-cm tubing between the heater and stage chamber. To account for heat loss in the perfusion line, we set the heater to a maximum of 49.1°C, which kept the chamber bath at a steady 36°C at this flow rate. The limb was cooled to 23°C by chilling a flask of LR perfusate in an ice bucket and placing a bag of ice over the inflow line to account for warming. LR bath temperature was monitored and recorded using a thermocouple thermometer (Physitemp BAT-12). Temperatures were stabilized for at least 30 min to allow thermal equilibration before imaging. Core temperature and respiration were recorded to gauge depth of anesthesia, and respiration was maintained at 120 breaths/ min by adjusting the isoflurane level as appropriate.
In vivo multiphoton microscopy. The multiphoton system has been described previously (22, 25, 62) and consists of a Ti:Sapphire laser (Milenia/Tsunami combination; Spectra Physics, Mountain View, CA) and Bio-Rad 600 MRC laser scanner interfaced to a modified Olympus AX-70 upright microscope. The beam intensity was modulated with a 350-80 BKLA Pockel's Cell (Conoptics, Danbury, CT) with custom-made electronics. Excitation light was focused on the growth plate using an Olympus ϫ20/0.95 NA water-immersion objective that provided a large field of view and several millimeters of necessary working distance. The Pockel's Cell was set to blank the beam on scanner flyback so that the specimen was only illuminated while imaging data were collected. The growth plate was oriented using second-harmonic generation (SHG) from collagen in the perichondrium and OTC labeling as previously detailed (22, 61, 68, 69) . The illumination wavelength was tuned to 880 nm (68) . Nonlinear emissions were collected in epifluorescence mode and separated from the excitation beam using a 670DCXXRU long-pass dichroic filter (Chroma Technology, Rockingham, VT). Emission filters provided a blue (400 -490 nm for collagen SHG) and visible (510 -650 nm for fluorescein and OTC) separation using BGG22 and 580/150 filters 
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with a separating 500DCXR dichroic filter (Chroma Technology). The emission filters provided a 10 7 rejection ratio of exciting to emitting wavelengths, after which filtered emissions were detected using HC125-02 bialkali photomultiplier tube assemblies (Hamamatsu, Bridgewater, NJ).
Image acquisition. Simultaneous imaging of collagen SHG in the perichondrium and OTC fluorescence at the two chondro-osseous junctions delineated growth plate architecture and provided landmarks for consistent orientation and depth standardization (22) . To reference imaging depth, we acquired sequential optical sections at 5-m intervals from superficial to deep using blue and visible emission channels. The arrival pattern of fluorescein differs with imaging depth (22) , and so we standardized imaging at a focal plane 50 m deep to the deep surface of the perichondrium. At this depth, the epiphyseal and metaphyseal chondro-osseous junctions are approximately parallel (securing visual confirmation of location), and fluorescein arrives primarily from the epiphyseal and metaphyseal vasculature, rather than the subperichondrial plexus vessels encircling the growth plate (22) . In the optical sections taken superficial to deep, the first appearance of OTC fluorescence in epiphyseal or metaphyseal bone indicated the location of the deepest edge of the perichondrium. To standardize depth, the objective was then focused in 50 m deeper, where all subsequent imaging occurred using only the visible channel for fluorescein detection.
Fluorescein was prepared from a standard 25% ophthalmic stock (Ak-Fluor; Akorn, Buffalo Grove, IL) and diluted to 0.5% in phosphate-buffered saline (PBS). Just before the injection, two sequential images were captured for use in later processing. The first image was taken at maximum photomultiplier tube (PMT) voltage (ϳ1,200 V) to record the OTC label that defined boundaries of the growth plate (image D in Fig. 3 workflow) . The PMT was then lowered in the second image to ϳ1,050 V (virtually eliminating any OTC signal) in preparation for fluorescein arrival (image E in Fig. 3 ). The second image (image E) was critical for background correction during image processing. Without delay, 50 l of 0.5% fluorescein was then injected ventrally into the heart through the intact rib cage at the level of the left fourth intercostal space using a 28-gauge insulin syringe (BD; catalog no. 329461). This technique was established and verified in a pilot study aimed at directing the needle into the left ventricle. In such a way, consistent intracardiac injections could be performed obviating the need for thoracotomy and ventilation. Sequential images of fluorescein entering the growth plate were collected in a series spanning 10 min with ϳ6 s between frames. This produced a timedseries stack of 100 images (image F in Fig. 3) .
To determine whether a differential response to acute temperature could be observed in the same mouse over time, we also administered repeated bolus injections of fluorescein (50 l of 1 or 2% dilutions) after changing the initial temperature of the LR perfusate bath. Images were collected at the same depth by making a slight temperaturemandated focus adjustment as determined in a pilot study. All other procedures described above were the same.
Image processing and data collection. Images were processed using ImageJ software (1.37v; National Institutes of Health) on a Macintosh computer running Mac OS X. To facilitate data analysis, we extracted a substack of frames (image F1 in Fig. 3 ) at 1-min intervals from the time series using the "Substack Maker" plug-in (http://rsbweb.nih.gov/ij/plugins/substack-maker.html). Background correction was accomplished by using the "Image Calculator" function to subtract the image captured immediately before the timed series (image E in Fig. 3 ) from the substack. This process eliminated background from the image and ensured that any signal detected was incoming fluorescein.
We collected all fluorescence data from the background-corrected substack (image F1 in Fig. 3) ; however, we found it useful to first define the growth plate sampling regions in a separate pseudocolored image in which both fluorescein and OTC label could be viewed together for the most accurate positioning (Fig. 5) . To accomplish this, the OTC image captured before the fluorescein injection (image D in Fig. 3 ) was duplicated to match the number of frames in the fluorescein substack (ImageJ can only merge stacks that contain an equal number of frames) using the "Stack Sorter" plug-in (http://www. optinav.com/Stack-Sorter.htm). The duplicated OTC stack (image D1) was then merged with the fluorescein substack (image F1) using the "RGB Merge" function, where each was assigned to a different color channel. The merged image was rotated if necessary so that the long axis of the bone was horizontal, defined by parallel OTC labeling in the epiphysis and metaphysis. Five rectangular regions of interest (ROI; 18,963 m 2 ) were then displayed from a predefined ROI set that encompassed subdivisions of the growth plate and the metaphyseal vasculature (Fig. 5) . The epiphyseal vasculature was not sampled because it could not be imaged reproducibly, since the structure of the bone in this region was significantly more scattering. The four growth plate boxes were positioned between the bounding OTC labels, and the vasculature box was positioned distal to the growth plate within the metaphyseal bone (Fig. 5) . The newly positioned ROI set was saved, and the native uncolored background-corrected substack (image F1) was reopened and rotated as determined above. The ROI set was displayed and verified for position, and average fluorescence (mean gray value) was quantified using the ROI "Measure" command. This produced 55 measurements for each of 5 regions in an 11-frame substack.
Data analysis and statistical testing. Data were exported from ImageJ to an Excel spreadsheet and manually copied into SPSS 11.0 statistical analysis software on a personal computer running Windows XP. To facilitate interanimal comparisons, we standardized mean fluorescein levels in the growth plate to the maximum local vascular (Fig. 6B) , and was therefore considered as the peak local vascular concentration to which the total amount entering the adjacent growth plate could be compared over time. Although analyses of absolute values are often preferred over ratios, this standardization factor was necessary to account for potential variation in imaging conditions (mostly due to differential tissue scattering), injectant quantity and/or tracer dye load, and any fat or fascia obscuring the growth plate due to surgical approach, animal size, or slight tilt in orientation. These conditions could produce absolute fluorescence values that appear unusually high or low in the growth plate (e.g., Fig. 6A ), inflating the level of interanimal variability. However, when vascular levels were used as an internal reference point (Fig. 6B) , the range of variation is considerably lower (Fig. 6C) , since fluorescence values in the growth plate and vasculature were highly correlated (Pearson's r ϭ 0.94, P Ͻ 0.001) (Fig. 6D) . We therefore found it more appropriate to analyze values normalized to an internal standard. Potential caveats on selecting an appropriate reference point are noted in the DISCUSSION. All statistical analyses were performed using SPSS. Groups were compared at set time points using the Student's t-test, and sex and genotype effects were assessed using factorial ANOVA. Relationships among variables were assessed using Pearson's product-moment correlation. The level of accepted significance was set at ␣ ϭ 0.05 for all procedures. 5 . Time-lapse multiphoton images illustrating FL (yellow pseudocolor) entering the growth plate within seconds (t) after intracardiac injection. Orientation matches that in Fig. 1 . OTC label (green pseudocolor) of epiphyseal (top) and metaphyseal (bottom) bone facilitates localization of the growth plate, which appears between the arrowheads in the far left frame. Boxes depict sample regions for measuring fluorescence in reserve (r), proliferative (p), transitional (t), and hypertrophic (h) subdivisions of the growth plate, as well as in the vasculature (v) of the metaphyseal bone. Although the conventional terminology used in Fig. 1 is upheld for simplicity, these sample regions were not strictly confined to the standard growth plate zones, and boxes may have included cells from adjacent morphological territories. 
RESULTS
There were no significant differences due to sex or genotype; however, the size of our sample precluded a robust statistical assessment of interactions (see DISCUSSION) . When the vascular compartment reached saturation at 8 min, fluorescein was distributed approximately equally among all sample regions of the growth plate and vasculature at warm temperature (ϳ20% per region); in particular, concentrations in the growth plate matched those in the vasculature (Fig. 7) . In the cold, fluorescein was distributed nearly equally among growth plate compartments, with slightly higher proportions in the transition (18.6%) and hypertrophic (21%) regions compared with reserve (15.7%) and proliferative (15.8%) regions (Fig. 7) . However, there was nearly one-half more tracer in the vascular compartment (28.9% of total) compared with all growth plate regions; less tracer had infiltrated the growth plate in the cold (Fig. 7) . Timed accumulation curves illustrate the significant effect of temperature on fluorescein entry into the growth plate (Fig. 8) . There was over twice as much tracer in the growth plate at warm temperature within 1 min after injection (Student's t ϭ 2.81; P Ͻ 0.01). The difference persisted over time; there was still 1.5-fold more tracer in the warm growth plates at the 10-min end point (Student's t ϭ 4.10; P Ͻ 0.001). On average, standardized values at warm temperature were approximately double those measured in the cold (Fig. 8) .
Effects of temperature change. To determine whether a differential acute temperature response could be observed in the same mouse over time, we also administered repeated bolus injections of fluorescein (50 l of 1 or 2% dilutions) after changing the initial temperature of the LR perfusate bath and allowing the animal to equilibrate for at least 30 min. Surprisingly, we found that switching the temperature of the perfusion bath had little impact on fluorescein accumulation in the growth plate in the same animal (Fig. 9) . Fluorescein levels remained similar to those measured at the baseline temperature, regardless of whether the secondary or tertiary injection was done at warm or cold temperature. A cold baseline temperature resulted in low fluorescence even after another injection was given at warm temperature, and a warm baseline temperature resulted in high fluorescence even after a repeated injection in the cold (Fig. 9) .
To determine whether these results represented a sustained biological response to initial temperature exposure (i.e., a "recovery period") and to eliminate the possibility that it could be an artifact of image acquisition or processing, we conducted additional experiments in which the limb temperature was changed before the first tracer injection was administered. The null hypothesis was that fluorescein levels would reflect the temperature at which the injection was given and would sug- Regions correspond to boxes shown in Fig. 5 . Each box represents a percentage of the total fluorescence measured among all 5 regions so that the total shown is 100%. At warm temperature, FL was distributed evenly among all sample areas (ϳ20% per region). In the cold, FL was distributed nearly equally among growth plate compartments, with slightly more in the transition (18.6%) and hypertrophic (21%) regions compared with reserve (15.7%) and proliferative (15.8%), but a greater percentage of the tracer (28.9%) remained in the cold vasculature compared with the warm group. injections 2 and 3) , FL levels were primarily found within the range of those measured at baseline, regardless of the secondary or tertiary injection temperature. When limb temperature was changed before the first injection was administered, FL values were found within the baseline ranges, rather than those of the actual injection temperature (ᮀ, warm baseline switched to cool temperature for the first injection; ‚, cool baseline switched to warm temperature for the injection). These results suggest a sustained physiological response to the initial temperature exposure. See text for further discussion.
gest that prior results were likely an experimental artifact. The alternative hypothesis was that fluorescein levels would reflect those expected at baseline temperature, suggesting that there was a sustained biological effect of the initial temperature exposure. Our results unequivocally support the latter hypothesis. In a sample of three mice in which the limb was either warmed (Fig. 9, ᮀ) or cooled (Fig. 9, ‚) initially and then subjected to a temperature change before any tracer was injected, fluorescein levels were all found within the range of those expected at the initial baseline temperature at which no injection occurred.
DISCUSSION
We used a model of acute temperature exposure to develop in vivo multiphoton imaging methods for quantitatively assessing solute transport in growth plate cartilage using fluorescein, a small-molecular-weight tracer, as a proxy for biological substances in the bloodstream. We found a significant and sizeable impact of limb temperature on fluorescein accumulation in the growth plate, complementing prior studies that have shown similar effects on total bone blood flow (24, 29, 51) . Solute delivery was twofold higher in warm (36°C) vs. cool (23°C) limbs (Fig. 8) , and tracer concentrations were distributed evenly in the growth plate and vasculature at warm temperature (Fig. 7) . In contrast, substantially less tracer infiltrated the cold growth plates, with nearly one-half more tracer remaining in the vascular compartment compared with all growth plate regions (Fig. 7) . These results validate the sensitivity of our method as a viable tool for detecting differences in the movement of solutes within growth plate cartilage and have broad applications for studying natural and experimental models of skeletal growth variation. Furthermore, by demonstrating that warm temperature significantly increases solute delivery to the growth plate, these results have clinical utility for developing strategies to enhance targeted delivery of therapeutic drugs to injured growth plates of children through localized application of heat at injury sites.
Limitations. Our model holds promise for elucidating the role of solute transport in normal and abnormal growth plate functioning, but it is important to acknowledge several caveats. Our studies employed fluorescein because of the ease in which this small tracer has been shown to enter the growth plate (22, 62) . However, transport of biological substances involves complex interactions in which molecular weight, charge, carrier proteins, and receptor affinities all play a critical role (40) . Prior work in our laboratory using dextrans of differing molecular mass demonstrates that small molecules (up to 10 kDa) enter the growth plate without hindrance, but larger molecules (40 kDa and larger) do not enter to an appreciable degree (22) . We did not examine the potential of a temperature-molecular weight interaction in our present experiments, but we expect there could be differential tracer access (larger molecules entering at warm temperature), especially since warmer temperature increases vascular endothelial permeability (4) and alters properties of the extracellular matrix (discussed below). An ideal future study might employ fluorescence-labeled hormones or growth factors to determine how closely these inert tracers mimic the actual transport of bioactive molecules in the growth plate, although the sensitivity range required to detect low levels of circulating hormones, particularly those with short half-lives, makes this a challenging task.
Age and size of the study animal are additional points for consideration. At present, size constraints have limited the application of our technique to mice, because depth penetration would be inadequate in a larger animal. However, this limitation is matched by the benefit that mice are the most common research models in the life sciences. Perhaps a more challenging concern is the age at which imaging experiments must be conducted for analyses of active growth plates, which are only present in young animals (70) . We have found that 4 -5 wk is an ideal age range for visualizing the growth plate in vivo (22, 62) . Since imaging a single mouse is time intensive (between 2 and 4 mice can usually be imaged in a single day) and microscope access can be limited in shared-user facilities, it may be necessary to maintain a large breeding colony of animals if specialized strains are needed to assure continuous availability of appropriate-age mice for imaging. This could likewise render sampling particularly difficult if sex and/or genotype are important research considerations, since so few mice can be imaged on any given day and, as with any sensitive in vivo experimentation, a variety of issues could impair data collection (i.e., poor surgical approach, suboptimal growth plate visualization, equipment malfunction). Therefore, it could take multiple repeated imaging sessions to secure a large enough sample for robust statistical testing. However, it should be clarified that this age restriction is only applicable to growth plate studies, since growth cartilage becomes reduced in size and/or degenerates at maturity (46, 53, 70) . These methods could readily be applied to the study of other tissues such as articular cartilage or intervertebral disk in adult animals of any age.
A final major consideration involves selecting an appropriate reference point for standardizing fluorescence values in the growth plate. We demonstrated the importance of using an internal standard to normalize data for interanimal comparisons (Fig. 6 ), but selection of the reference point merits some discussion. Normalized values, or ratios, can be difficult to interpret in the case of a "shifting denominator," that is, when the reference point itself significantly differs between groups. Such was the case in our experiments, where we found elevated fluorescein levels in both growth plate and vasculature at warm limb temperature (Fig. 6B) . Although less pronounced in the vasculature compared with the growth plate, there was still a marked difference between the cold and warm groups. A potential explanation for the decreased values in the cold is that peripheral vasoconstriction shunts blood toward the core as a heat-conserving mechanism (23, 50) , and less total blood (and therefore less fluorescein) reaches the extremities. However, in this particular situation, the higher vasculature values in the warm group tended to bias results in opposition to our hypothesis, since a larger denominator would by nature create a smaller ratio unless the numerator were concomitantly increased. Since growth plate and vascular values were always highly correlated (Fig. 6D) , we found this method of standardization appropriate for our purposes. However, we must still acknowledge this important confounding issue and recommend selection of a standardization factor that is most appropriate to the research question.
Response to acute temperature change. We identified an unexpected response to acute temperature change. This type of response would be difficult to observe using other methods. After the initial warm or cool limb immersion, we found that changing the temperature of the perfusion bath had little impact on fluorescein accumulation in the growth plate (Fig. 9) . In all but one instance of temperature change (Fig. 9, mouse f) , fluorescein levels were found within the range of those expected at the original baseline temperature even when the repeated injection was done at a warmer or colder temperature. By changing limb temperature before administering the first injection, we were able to eliminate the possibility of an experimental artifact, suggesting that there may be a refractory period of sustained biological response to the initial temperature exposure. These results could reflect changes in sensitivity of vessels supplying the growth plate and/or temperatureinduced alterations in the structure and composition of the cartilage itself.
It is possible that the initial acute temperature "shock" elicits changes in blood viscosity, vessel permeability, elasticity, and/or extracellular matrix properties that are not immediately reversed, even after exposure to warmer or cooler temperatures. For example, Kandušer and et al. (38) recently showed that cold temperature (4°C) significantly decreases membrane fluidity of cultured mammalian cells without altering cell size or morphology. Acute cold exposure also increases blood viscosity by several orders or magnitude in humans (14, 18) , birds (31), amphibians, and reptiles (41, 47) , with accompanying increases in hematocrit (18) . Such changes are consistent with the decreased fluorescein concentrations we observed in the vasculature exposed to a cold baseline temperature. On the other hand, warm temperature increases vascular endothelial permeability (4, 28, 44) , potentially facilitating fluorescein entry in the growth plate from the vasculature, which we found to be more restricted at cooler temperature (Fig. 7) .
With respect to the extracellular matrix, experiments have shown that the viscoelastic properties of collagen-rich ligaments in the spine (8) and nasal septal cartilage (13) are temperature dependent, and local application of heat and cold similarly has sustained effects on joint stiffness (64) , which could potentially enhance or impair solute movement through the tissues. The rate of endogenous collagen lysis is nearly four times higher in rheumatoid knee joints that exhibit characteristically elevated temperature (36°C) compared with normal human intra-articular knee temperatures (33°C) (33) . This temperature-dependent increase in intrinsic collagenase activity can be replicated under acute conditions in vitro (33) , suggesting that changes in enzymatic activity in growth plate cartilage could potentially account for at least some of our results, since solute transport in cartilage is increased when enzymatic activity is high and/or cartilage structure is otherwise compromised (54, 55, 58) . In fact, Torzilli (58) has shown that high temperature alone can increase solute transport in articular cartilage substantially more than the minimal diffusion increase expected using the Stokes-Einstein approximation (6) . If such effects are due to transient changes in cartilage structure induced by temperature, there is likely to be some delay before the original configuration can be restored, especially if any change in tissue temperature persists beyond the initial exposure period. Johnson et al. (37) reported changes in intramuscular temperatures of the human lower limb following 30 min of single-limb immersion in cold water (10°C) that persisted for over 4 h after the treatment. Our experiments were only conducted over 3-4 h total time per mouse, with exposure to each temperature being 1 h or less, and so it is plausible that there may be several hours or more of recovery time required before normal transport conditions are reestablished.
Summary. We have shown that in vivo multiphoton imaging is a reliable tool for measuring solute transport in tibial growth plates of mice. We demonstrated significant effects of acute temperature on fluorescein accumulation in the growth plate, and our results suggest that temperature could be a novel strategy for enhancing the localized delivery of therapeutic agents to injured growth plates of children. By administering repeated tracer injections at different limb temperatures, we also identified a sustained biological response to the initial temperature exposure that could reflect acute changes in vessel permeability and/or extracellular matrix composition. These analytical methods are a substantial advancement over traditional approaches to bone and cartilage imaging and will be important for elucidating the role of nutrient transport in natural and experimental models of growth plate dysfunction, particularly chondrodysplasias with known defects in components and structure of the extracellular matrix.
